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O
verview

•NEET1-Advanced Methods 
for Manufacturing

•Time line
–

Start: October 2014
–

End: June 2018

•Total project funding from 
DOE: $800K

•Technical barrier to address
–

Advanced, high-speed and 
high-quality welding 
technologies
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O
bjective

•This project aims at developing a welding quality monitoring 
and control system based upon m

ultiple optical sensors.
–

Enables real-time weld defect detection and adaptive adjustment to 
the welding process conditions to eliminate or minimize the formation 
of major weld defects.

–
Addresses the needs to develop “advanced (high-speed, high quality) 
welding technologies” for factory and field fabrication to significantly 
reduce the cost and schedule of new nuclear plant construction. 
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P
rincipal

•
Non-contactoptical monitoring system for inspecting each weld pass

•
Building a foundation of signal/knowledge database from past experiences 
to detect certain types of weld defects
–

Temperature field
–

Strain/stress field (related to residual stress, distortion, cracks, etc.)
–

W
eld pool surface profile (related to bead shape, lack of penetration, etc.)

•
Close-looped adaptive welding control algorithm will correlate the above 
measurement signals to the weld quality and provide feedback control 
signals in real time 
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A
ccom

plishm
ents

•Optical sensors
–

System integration
•In-line process monitoring and control
–

Real-time strain, stress and distortion monitoring
•

High-temperature DIC
•

In-house DIC code
•

Stress calculation procedure
–

Penetration control and lack-of-fusion mitigation
•

W
eld pool monitoring

•
Adaptive welding process control
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S
ystem

 setup
P

art 1: S
train, stress m

onitoring
P

art 2: W
eld pool m

onitoring 
and process control 

C
am

era is stationary
C

am
era m

oves w
ith 

w
elding torch
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P
art 1: S

train, stress and distortion 
m

onitoring by O
R

N
L’s high-tem

perature 
D

IC

tracking the displacem
ent 

of each subset.
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Technical challenges

•Conventionally spray-painted speckle pattern is venerable to high 
temperature.

•Intense arc light acts as an unstable light source that deteriorates 
the quality of images for correlation analysis.

B
urning and disbanding 

of the spray paint.
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O
R

N
L’s high-tem

perature D
IC

 approach
•

Special surface speckle preparation method that can be used at the 
temperature up to material’s melting point

•
Pulsed laser illumination synchronized with camera shutter to overcome arc 
light

•
In house software to achieve real-time 3D distortion, strain and stress 
monitoring

E
volution of transverse strain
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3D
 distortion and strain m

onitoring in 
H

A
Z

 through novel high-tem
perature D

IC

θx
θy

strain

O
ut-of-plane displacem

ent

O
ut-of-plane rotation

Transverse 
strain
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Tem
perature/therm

al m
easurem

ents

•Both thermal couples and 
infrared (IR) cameras are used 
for temperature measurements.
–

Thermal couple
•

Pros: accurate
•

Cons: contact, single point
–

IR camera:
•

Pros: non-contact, full field
•

Cons: affected by emissivity

0 50

100

150

200

250

300

350

400

20
40

60
80

100
120

140

Thermal couple (°C)

IR
 intensity

C
alibration to m

inim
ize the 

influence of em
issivity issue.



12
M

anaged by U
T-B

attelle
for the U

.S. D
epartm

ent of Energy

N
ovel procedure to calculate stress in 

real tim
e

P

A
lgorithm

 is validated by 
num

erical m
odels
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E
xperim

ental dem
onstration

P
ost-w

eld residual stress by X
R

D
 

σ
xx =221 M

P
a

σ
yy =324 M

P
a

In-line stress calculation
Laser w

elding
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P
art 2: W

eld pool m
onitoring and w

elding 
process control
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Feedback control

Im
age processing 

feature extraction
prediction 

m
odel

P
ID

C
ontroller

Targeted w
eld 

attributes

C
urrent 
I(t)

W
eld pool 

Im
ages, current, 
speed, etc.

Predicted w
eld 

attributes

Q
uality 

database

W
eld attributes to control:

•
R

oot pass full-penetration
•

Lack-of-fusion m
itigation in the 

subsequent passes
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W
eld pool visualization

•Challenges: intense arc light
•Solutions: optical filters, camera shutter 

control and auxiliary illumination source
•Two types of image sources
–

Passive vision images (arc light as illumination)
–

Active vision images (pulsed laser as illumination)

Passive vision im
ages w

ith adaptative exposure control
A

ctive vision im
age
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3D
 w

eld pool inform
ation

A
ctive vision

Passive vision 
w

/ long 
exposure

W
eld pool length and w

idth

E
lectrode tip

R
eflection

Liquid surface

W
eld pool surface height

Passive vision 
w

/ short 
exposure
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P
art 2.1 P

enetration control
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Testing conditions to establish 
penetration database (bead on plate)

T
hickness

(m
m

)
W

elding 
speed
(m

m
/s)

C
urrent (A

)

2m
m

1m
m

/s
45~70

2m
m

/s
50~100

3m
m

1m
m

/s
80~120

2m
m

/s
100~145

1000+ im
age fram

es w
ere analyzed and 

com
pared to the post-w

eld 
characterization.

B
ackside 

w
eld w

idth
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Testing conditions to establish 
penetration database (U

 groove)

N
o

Root face 
thickness 

(m
m

)

Current 
(A)

Speed
(m

m
/s)

1
1

100
1

2
1.5

100
1

3
2

100
1

4
1

120
1

5
1.5

120
1.5

6
2

120
1

7
1.5

90
1

8
1.5

100
1.5

9
1.5

120
1

10
1.5

130
1

11
1.5

140
1

12
1.5

150
1

13
1

150
1

1000+ im
age fram

es w
ere analyzed and 

com
pared to the post-w

eld 
characterization.

P
artial 

penetration 

Full 
penetration 

over 
penetration 

B
ackside 

w
eld w

idth
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Tools used to establishm
ent the 

database

•Artificial neural network (ANN)
•Linear regression
•Support vector machine (SVM)
•Bag tree
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E
rror com

parison

120A
100A

W
elding direction

-1 0 1 2 3 4 5 6 7

0
10

20
30

40
50

60
70

80
90

100
110

Backside width

Travel Distance(m
m

)

Bag tree prediction
Backside bead w

idth
linear regression

M
ethod

RSM
E

Linear regression
1.83 m

m

Bag tree
0.86 m

m

SVM
0.99 m

m

AN
N

1.07 m
m

B
ead-on-plate
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V
alidation of penetration prediction

0 1 2 3 4 5 6 7 8 9 10

0
10

20
30

40
50

60

Backside weld width (mm)

Travel distance(m
m

)

Testing condition 1 
(over penetration)

prediction

Testing condition 2 
(full penetration)

Testing condition 3 
(partial penetration)

P
ost-w

eld 
m

easurem
ent

U
-groove root pass
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D
em

onstration of penetration control 
(C

ase 1: bead-on-plate &
 thickness 

change) 
2m

m
 thick

3m
m

 thick
W

elding direction

0 5 10

0
50

100
150

200

Backside width 
prediction(mm)

Travel distance(m
m

)

Backside w
idth

BW

backsideC
ontrol O

FF
C

ontrol O
N
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D
em

onstration of penetration control 
(C

ase 2: butt joint)

W
elding direction

C
ontrol O

FF
C

ontrol O
N
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D
em

onstration of penetration control 
(C

ase 3: U
-groove root pass) B

ottom
 view

R
oot pass

Travel direction

C
ontrol O

FF
C

ontrol O
N

P
artial 

penetration
Full  

penetration
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P
art 2.2 lack-of-fusion m

itigation
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Testing conditions to establish quality 
database (lack of fusion)

A total of 1434
im

age fram
es w

ere analyzed and 
labeled based on post-w

eld observation/cross-
section.

Layer 
num

ber
Current 
(A)

Travel speed 
(m

m
/s)

W
ire feeding 

speed(inch/m
in)

Sam
ple 1 

(6m
m

 
thick)

I
150

1->2
25

II
150

1->2
30

III
150

1->2
30

IV
150

2
25

V
150

2
20

Sam
ple 

2 (12 
m

m
 

thick)

I
150

1->2
25

II
200

1->2
40

III
200

1.8->2
40

IV
200

1->2
40

V
220

1
40

VI
220

1->2
40

VII
220

1
50
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W
eld pool feature vs. fusion status

Lack of fusion

C
om

plete fusion

S
hort exposure

Long exposure
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O
ptical signature vs. lack-of-fusion

-50 0 50

100

150

200

250

0
20

40
60

80
100

120

Optical signature

Travel distance (m
m

)

Pass 5

Lack of  fusion

Threshold

5m
m

AA

A
-A

Lack of fusion
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D
ata training and testing

N
um

ber of M
odel

Training data
Testing data

Accuracy（
%
）

I
70%

 dataset I
30%

 dataset I
97.58

II
100%

 dataset I
100%

 dataset II
95.79

III
70%

 dataset I&
II

30%
 dataset I&

II
95.49

P
erform

ance of LO
F prediction w

ith bagging tree m
odel

Layer 
num

ber
Current (A)

Travel speed 
(m

m
/s)

W
ire feeding 

speed(inch/m
in)

Dataset 1: 
Sam

ple 1 
(6m

m
 thick)

I
150

1->2
25

II
150

1->2
30

III
150

1->2
30

IV
150

2
25

V
150

2
20

Dataset 2:
Sam

ple 2 (12 
m

m
 thick)

I
150

1->2
25

II
200

1->2
40

III
200

1.8->2
40

IV
200

1->2
40

V
220

1
40

VI
220

1->2
40

VII
220

1
50

P
erform

ance of lack-of-fusion prediction w
ith bagging tree m

odel

D
atasets
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D
em

onstration of lack-of-fusion 
m

itigation (2
nd

pass in U
-groove) 

Top view

P
ass 2

C
ontrol O

FF
C

ontrol O
N

Travel direction

Lack-of-
fusion

C
om

plete 
fusion
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S
um

m
ary

•A multi-optical sensing system is integrated and tested 
for monitoring arc welding and laser welding processes.
•Novel methods and algorithms were developed for real-

time strain and stress monitoring in HAZ.
•W

eld pool surface feature can be correlated to 
penetration states and lack-of-fusion defects
•The system can adaptively control the welding process to 

achieve full penetration and mitigate the formation of 
lack-of-fusion defects 
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